Summary Association between three physical activity (PA) measurements throughout adolescence and bone density at 18 years of age was investigated. PA was associated with both lumbar spine and femoral neck bone mineral density (BMD) in early adulthood independent of type of PA used in the analysis. The results were more consistent in boys. Introduction This study amis to evaluate if PA during adolescence could influence BMD later in life. Methods A population-based birth cohort study was carried out. PA was assessed at 11 and 15 years of age by questionnaire and included sports performed while BMD (lumbar spine and femoral neck) was measured by dual-energy X-ray absorptiometry at 18 years. A peak strain score was generated based on ground reaction forces of different PA. PA was measured as peak strain score, peak strain score multiplied by minutes/week and minutes/week. Unadjusted and adjusted analyses were performed using linear regression. Results Overall, 3,811 adolescents were studied (1,866 boys and 1,945 girls). The peak strain score at 11 and 15 years was associated with lumbar and femoral neck BMD at 18 years in boys. Among girls, high-impact PA at 11 years was positively associated with lumbar and femoral BMD (p = 0.01; p<0.001). After adjusted analysis, weekly minutes of PA at 11 years were not associated with lumbar spine but were associated with femoral neck BMD (p<0.001); at 15 years, weekly minutes of PA were positively associated with BMD at both sites. Regardless of PA status at 11 years of age, attaining the recommendations of PA (300 min/week) at 15 years appears to be important for BMD at 18 years in both sites in boys and girls. The results Appeared to be more consistent in boys. Conclusions PA during adolescence was positively associated with both lumbar spine and femoral neck BMD in early adulthood independent of type of PA used in the analysis.
Introduction
Physical inactivity is responsible for 5.3 million deaths/year worldwide; 1/3 of the world's adult population fails to achieve the recommended 150 min/week of physical activity (PA). In addition to its role in the prevention of noncommunicable diseases and premature mortality [1] , particularly coronary heart disease, some types of cancer and type 2 diabetes [2] , PA may delay the onset of osteoporosis, which is characterized by low bone mass and structural deterioration of bone tissue leading to increased risk of fractures [3] .
A greater bone mass in early life is considered a critical factor in protecting against osteoporosis later in life [4] . It has been suggested that the relationship between PA and bone mass is regulated by hormonal factors (e.g., estrogen) in interaction with the impact on bones (mechanical factor) which change bone formation and reabsorption processes, increasing bone density [5, 6] .
Although the growing skeleton of young people may benefit more, adults, with already formed skeletons, can also benefit from PA programs aimed at increasing the functional loads to which the bones are exposed [7] . However, there is evidence that critical years for skeletal growth and accumulation of bone mass are during the prepubertal and pubertal decade beginning around 10 years of age [8] .
The association between PA and bone density, especially in cohort studies, has been evaluated using several measurement techniques. Most studies include overall PA, with no control for the impact of each activity [9] . Groothausen [10] proposed a classification of different activities according to the ground reaction force on bones. This classification considers four categories of activities-from no weight-bearing activities to those including jumping actions [10] .
This study was aimed at evaluating the longitudinal association between PA during adolescence, evaluated by weekly time spent and two other measurements that assessed the impact based on Groothausen's classification [10] and bone mineral density (BMD) at 18 years in a population-based birth cohort.
Methods
This study was carried out with participants of the 1993 Pelotas (Brazil) Birth Cohort. Pelotas is a southern city in Brazil with~330,000 inhabitants. In 1993, all five maternity hospitals were visited daily and all live borns whose mothers lived in the urban area were included in the cohort. Information was obtained on 5,249 live births. This study used information from the follow-ups that were carried out at the mean ages of 11, 15, and 18 years. More details on the methodology of this study have been published elsewhere [11, 12] .
At 11 and 15 years of age, several strategies were used to locate the subjects (household visits based on the most recent address reported, information obtained during a school census, hospital records, city census, etc.). After locating the study participants, a household visit was performed by interviewers trained for 2 weeks in the application of a standardized and pretested questionnaire containing questions about several health related topics. At 18 years of age, cohort members were invited to visit the Epidemiologic Research Center, where participants were interviewed and submitted to several exams, including the dual-energy X-ray absorptiometry (DXA) method.
Leisure-time PA was assessed at the 11 and 15 follow-ups using a questionnaire developed for the study. This instrument was shown to be both reliable (rho=0.62) and valid (kappa= 0.58) when compared with pedometer measurements [13] . PA was measured in these two follow-ups using a list of activities, which allows making inferences about the type of PA and its potential impact, besides the time spent in each activity. Adolescents were asked about their engagement in any PA (from a list with 13 options read by the interviewer) in the week prior to the interview. The instrument used at 11 years included the following activities: outdoor soccer, indoor football, athletics, basketball, dance, gymnastics, martial arts, swimming, volleyball, tennis, handball, trapper, and playing bat-the last two are games commonly practiced in southern Brazil. Other activities (not listed) could also be reported by the adolescent. For those activities not included in our list, information on frequency (days per week) and duration (hours and/or minutes per day) were collected. The same instrument was also used at 15 years of age. However, handball, trapper, and play bat, which had been asked at the 11 years follow-up, were replaced with walking, weight lifting, and fitness training.
Three scores of leisure-time PA were calculated. Firstly, time spent in PA was evaluated by multiplying frequency (days/week) by duration (min/day). A total score (min/week) of PA was then generated by adding weekly time spent in each activity. Next, PA was also analyzed using the peak strain score created by Groothausen [10] . Peak strain score consists of an evaluation of PA based on ground reaction forces of different PA. Activities with ground reaction forces of less than 1 times the body weight such as cycling and swimming have a peak score of 0; activities with peak score between 1 and 2 times the body weight-weight-bearing activities such as jogging, walking, and dancing-have a peak score of 1; activities with ground reaction forces between 2 and 4 times the body weight-including sprinting and turning actions such as tennis, aerobics, and soccer have a peak score of 2, activities including jumping actions with ground reaction forces greater than 4 times the body weight such as basketball and gymnastics have a peak score of 3. The peak scores of each activity were summed. The third variable was the sum of peak scores, as explained above, multiplied by the time spent in each activity.
All PA variables were initially evaluated in quartiles, to allow the comparability of coefficients. After, variation on PA was also evaluated. Those adolescents who spent at least 300 min/week in PA at each age were considered active. Therefore, adolescents could be categorized as: inactive at both ages, active only at 11 years, active only at 15 years and active at both ages. The same procedure was used in peak strain PA and in peak strain multiplied by the time spent in each PA. Finally, these variables were dichotomized using the highest tertile versus the lowest two tertiles.
At 18 years, BMD (g/cm 2 ) was measured at the lumbar spine (L1-L4) and femoral neck using the method of DXA (Lunar Prodigy Advance (GE, Germany)). The analyses for femoral neck bone density were performed using only information of the right femur. Pregnant or suspected pregnant women, those subjects weighing more than 120 kg or with metal plates/screws inside the body or metal pieces (piercings, rings, or bracelets) that could not be removed were excluded of any DXA scan.
Other variables included in the analysis were sex, skin color, menarche age, and family income at birth. We also controlled the estimates to body mass index at 18 years because body size is highly correlated to bone mass. Standing height was measured to the nearest 1 mm with barefooted subjects using a wooden stadiometer whereas weight was obtained using a scale coupled to BodPod® (Cosmed, Italy) equipment.
All statistical analyses were stratified by sex. Potential effect modification was considered when the p-value for the interaction term was <0.2. Unadjusted and adjusted analyses were performed using linear regressions and p values were obtained by Wald's test for heterogeneity. Adjusted analysis included all confounders listed previously according to age of exposure (i.e., 15 years exposures were not considered for the 11 years follow-up analyses). The significance level was set at 5 %. The analyses were performed with Stata 12 software (StataCorp, College Station, TX, USA).
All phases of this study were approved by the Ethics Committee of the Medicine School of the Federal University of Pelotas. Written informed consent was obtained from every subject prior to the interviews.
Results
At 18 years, we managed to interview 4,106 subjects and information on PA peak strain information was gathered from 3,811 adolescents (1,866 boys and 1,945 girls) from the 1993 Pelotas (Brazil) Birth Cohort in the two earlier visits (11 and 15 years). Overall results are only shown for PA and peak strain (Table 1 ) because boys and girls present very distinct bone health profiles. Table 1 also shows the score obtained by multiplying PA in minutes and peak strain.
Among boys (Table 2) , peak strains at 11 and 15 years were positively associated with lumbar and femoral neck bone density at 18 years; more specifically, PA peak strain at 15 years resulted in larger effects at the femoral neck site. PA in minutes had similar effects. We did not observe associations between PA time×impact score at 11 and lumbar BMD, but femoral neck bone density was positively associated with the score (p=0.004). At the age of 15, the score was positively associated with both lumbar and femoral BMD at 18 years in boys (p<0.001). The coefficients were slightly larger when impact at the age of 15 is considered. Apparently, in boys, the age when activity is performed is more important than the impact generated by the activity.
The analyses among girls (Table 3) showed that highimpact PA at 11 years was positively associated with lumbar and femoral BMD. Impact PA at 15 was not associated with lumbar spine BMD but was associated with femoral neck bone density (p=0.005). All coefficients were higher for PA impact at 11 years. Ref.
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After controlling for confounding variables, PA (weekly minutes) at 11 years was not associated with lumbar spine bone density but was positively associated with femoral neck bone density (p<0.001). Weekly minutes of PA at 15 years were positively associated with BMD at both sites (lumbar spine: p=0.04; femoral neck: p=0.046). The weekly minutes of PA coefficients at 11 and 15 years were similar for both sites. The impact×time PA score in girls at both ages was only positively associated with femoral neck bone density (11 years: p<0.001; 15 years: p=0.003). We could not detect associations between the score and lumbar spine. The femoral neck coefficients were similar for activities performed at both ages.
Changes in PA patterns during adolescence and their effects were also assessed and are displayed in Fig. 1 . In boys, we observed that being active only at 11 was not associated to BMD, except when the impact×time is considered (femoral neck only). The most important effect was detected when boys were active or belonged to the highest tertile at both ages.
Girls presented the same pattern observed in boys. However, it appearss that belonging to the highest impact tertile at 11 years was positively associated with higher bone density at both sites. Moreover, belonging to the highest tertile of PA, regardless of impact, was positive for femoral neck site bone density.
Discussion
We observed a positive association between PA at early/midadolescence and lumbar spine and femoral neck BMD in early adulthood in individuals belonging to the 1993 Pelotas (Brazil) Birth Cohort. PA at 11 years was positively associated with lumbar spine bone density in girls only when the peak strain was considered. In boys, regression coefficients appear to be higher for PA at 15 years, whereas among girls the coefficients were similar at both ages. Associations were more consistent for femoral neck bone density. With respect to the variation in PA from 11 to 15 years of age, overall, being active or belonging to the highest tertile of PA (or peak strain score) only at 11 years was not associated with bone density among boys. Conversely, in girls, it appearss important to take into account the peak strain score at 11 years for the bone density in the future though the same was not found when only the weekly time spent in PA was considered. Attaining the current recommendations of PA (300 min/week) at 15 years appearss to be positively important for bone density at 18 years in both anatomical sites, regardless of PA status at 11 years of age. However, in PA measurements, considering the peak strain score, belonging to the highest tertile of peak strain or peak strain × min/week at 11 years of age was positively associated with higher bone density at both sites, whereas belonging to the highest tertile of these measurements only at 15 years or in both ages was positively associated with bone density only at femoral neck site. Longitudinal analyses about this subject are scarce, particularly derived from low-and middle-income countries. Such studies are important because PA patterns and confounders are distinct between rich and poor countries [14] . The possibility of making inferences using three different PA measurements is another strength of the study. However, there is no available information about calcium intake in our sample, impeding us to include it as a confounder in the regression models.
In general, coefficients were higher when PA considered the peak strain as an exposure in boys, whereas we did not observe such trend among girls. The mean PA measured with peak strain score was higher in males than in females, as well as the weekly time spent in PA. However, previous study suggests that boys' bones are more sensitive to loading than girls' [15] .
Similar prospective studies are scarce. Previous crosssectional analysis performed by McVeigh et al. [16] in 9-year-old South African children belonging to the "Birth to Twenty" cohort study used similar PA measurements. In both PA measurements, white children in the highest quartile showed greater BMD than children in the lowest quartile of PA measurements. The lack of association in black children was attributed to lower levels of PA among them [16] .
Another study carried out with individuals from the Amsterdam Growth and Health Longitudinal Study (AGAHLS) used PA as weighted metabolic score of intensity, frequency, and duration and PA as the sum of peak score only [17] . Different from our results in boys, Kemper et al. did not found any relationship between lumbar spine bone density at 32 years of age and PA peak strain score during adolescence. Conversely, lumbar spine bone density was positively associated with PA measurement without peak strain score during adolescence. When the analysis was performed using PA during adulthood, PA evaluated as the sum of peak strain score showed higher regression coefficient in association with lumbar spine bone density [17] .
There is some evidence that bone adaptation is limited to loading regions [18] . This may explain the consistency of findings for femoral neck bone density but not for lumbar spine bone density, independent of the PA measurement. This positive effect of PA on femoral neck bone density is important because hip fractures account for the majority of fracturerelated health care expenditure and losses in quality-adjusted life years in men and women over the age of 50 years [19] .
The osteogenic benefits of PA are dependent on age and the relative risk of fracture [20] and puberty has significant influences on changes in skeletal mass [4] . A recent systematic review found that PA during adolescence was associated with higher values of bone density in young adulthood [9] , when the maximal peak of bone mass is attained, at least in males. A 10 % higher peak bone mass can reduce the risk of fracture by Ref.
Ref. Adjusted for skin color, family income at birth, age at menarche, and body mass index at 18 years a Linear trend test 50 % and delay the development of osteoporosis by 13 years [21, 22] . The time of peak bone gain is approximately 12.5 years in girls and 14.1 in boys. On average, 26 % of total adult bone mass is gained during a 2-year period [23] . Our PA measurements were at 11 and 15 years of age. The last was close to the age of peak bone gain in boys whereas in girls the measurements were before and after average peak bone gain. This may help to explain the consistency of findings in boys, appointing to higher importance for PA at 15 years of age, independent of the PA measurement used. In addition, this may help explain the inconsistency of findings in girls.
We conclude that PA in early and middle adolescence was positively associated with both lumbar spine and femoral neck BMD in early adulthood. Association between PA and bone density was higher for the femoral neck anatomical site and being active at 15 years appears to be more important for increases in bone density at least in boys. Findings in femoral neck showed that active girls at both 11 and 15 years had increased BMD at this anatomical site at 18 years. In boys, the regression coefficients were higher when PA used the peak strain score in the measurement, drawing attention to importance of loading in the PA. These individuals will be monitored, and future assessments will be carried out during adulthood.
Conflicts of interest None.
Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited. 
coefficient of BMD (g/cm²) Lumbar Spine Femoral Neck
Adjusted for skin color, family income at birth, age at menarche and body mass index at 18y. 
